For over a century clinicians and pathologists have recognized a relationship between over-indulgence in alcohol and the occurrence of cirrhosis, but attempts to demonstrate a direct hepatotoxic effect of ethyl alcohol or to produce alcoholic cirrhosis experimentally in animals have generally been unsuccessful. Moreover, as the result of recent studies on the hepatic effects of dietary deficiency, alcohol has been relegated to a secondary role in the pathogenesis of cirrhosis.
For over a century clinicians and pathologists have recognized a relationship between over-indulgence in alcohol and the occurrence of cirrhosis, but attempts to demonstrate a direct hepatotoxic effect of ethyl alcohol or to produce alcoholic cirrhosis experimentally in animals have generally been unsuccessful. Moreover, as the result of recent studies on the hepatic effects of dietary deficiency, alcohol has been relegated to a secondary role in the pathogenesis of cirrhosis.
Connor8 observed that long-standing fatty infiltration of the liver gave rise to cirrhosis, and suggested, largely by inference from studies in diabetes, that alcohol produced such infiltration by interfering with carbohydrate and fat metabolism in the parenchymal cells. However, he also recognized the importance of concomitant malnutrition as a factor in this process. Recently, emphasis has shifted from the possible cytoplasmic and metabolic effects of chronic alcoholism to the consequences of the dietary deficiencies often associated with it, and, on the basis of clinical and experimental evidence, fatty cirrhosis has come to be regarded as a manifestation of dietary deficiency related to the erratic eating habits of alcoholics. ' There is convincing experimental evidence that fatty infiltration and cirrhosis of the liver can be produced in animals by diets deficient in choline and its methionine precursor in protein, and that such effects can be prevented or cured by appropriate dietary supplements.6",'1 19 9, In man there appears to be a similar relationship between dietary deficiency and the development of fatty cirrhosis, although the evidence is by no means as conclusive. The frequent occurrence of cirrhosis in non-alcoholic malnourished populations9'"0 " is, perhaps, the best evidence that can be adduced, but even here certain features, such as the prominence of pancreatic lesions in some groups9 and the frequent occurrence of hemochromatosis in others,'0 suggest that factors other than a deficiency of lipotropic substances may be operative.
In the case of cirrhosis associated with chronic alcoholism, the frequency with which signs of malnutrition can be demonstrated, and the therapeutic effectiveness of dietary supplements of protein and lipotropic substances,9' 7 21 even in the face of continued alcohol consumption,'-' constitute the evidence on which is based the current opinion that the nutritional factor is primary in its pathogenesis. While the importance of this factor cannot be denied, the concept that alcohol exerts no deleterious effect on the liver, other than by reducing the dietary intake, may be challenged on the basis of both experimental and clinical evidence. Under carefully controlled dietary conditions, Lowry and his associates '7 showed that alcohol increased the severity of the cirrhosis produced by deficient diets in pair-fed rats. Similarly, the hepatotoxic effects of chloro-form' and carbon tetrachloride'6 could be augmented by alcohol. Clinical observations suggest that alcohol may have a similar action in man. For example, dietary deficiency appears to result in fatty cirrhosis much more frequently in chronic alcoholism than in any of the wasting diseases," or in the uncomplicated malnutrition of prisoners-ofwar,2 and the withdrawal of alcohol frequently results in marked improvement in the histological and functional status of the liver in chronic alcoholics with cirrhosis, even when no dietary suppements are provided. '5 Such observations suggest that alcohol may exert an influence on the liver, aside from its effects on the dietary intake, either directly by some toxic or metabolic action, or indirectly by increasing the nutritional requirements of the liver. In 1947 Ashworth' reinvestigated this aspect of the problem and concluded that alcohol exerted a direct effect on the liver cell, permitting fat accumulation unrelated to an extrinsic deficiency of lipotropic factors. He found that rats on a high protein diet (25 per cent casein), given the equivalent of 0.6 ml. of absolute ethyl alcohol per 100 grams of body weight daily by stomach tube and in drinking water, developed fatty livers at the end of two months, while pair-fed controls receiving no alcohol did not.
In pair-feeding his animals Ashworth' did not take into account the caloric value of alcohol, so that the total caloric intake differed in the two groups (Fig. 1) . Moreover, the vitamin supplement was inadequate in some respects, and the method of administering alcohol resulted in intoxication and periods of coma, leading to marked restriction of food intake and significant weight loss, especially in the non-alcohol group. It is possible, therefore, that the fatty infiltration in the alcohol group was related to the increased caloric intake, or conversely, that fat failed to appear in the non-alcoholic group because of the more severe weight loss.
In 1949 Best and his associates' carried out similar but more carefully controlled experiments and came to the conclusion that alcohol did not exert a specific toxic action on the liver. These investigators not only pair-fed alcoholic and non-alcoholic rats, as in the Ashworth experiment,' but also included a control group which was both pair-fed and kept isocaloric by substituting sucrose for alcohol calories (Fig. 1 ) . By administering all their alcohol as a 15 per cent solution in drinking water, and by providing an 18 per cent casein diet adequately supplemented with vitamins, they obtained satisfactory food intakes and good growth in their animals. Under these conditions fatty infiltration and pre-cirrhotic fibrosis of the liver developed in those rats receiving supplements of alcohol or isocaloric equivalents of sucrose for a period of six months. Since these lesions could be prevented by dietary supplements of choline, methionine, or casein, it was concluded that when the diet was marginal with respect to choline, excesses of alcohol or sucrose induced a relative deficiency of choline by increasing the caloric intake.
Although isocaloric equivalents of alcohol and sucrose both produced fatty infiltration of the liver which could be prevented by lipotropic dietary supplements, the conclusion that both exerted their action by increasing the total caloric intake was not clearly established in these experiments. Thus, it was not shown that the hepatic effects of alcohol could be prevented when the total caloric intake was kept down to that of pair-fed controls by subtracting non-protein calories. Moreover, the effects of alcohol were complicated by a partial deficiency state. Of the 18 
Experimental
Animals. Sixty weanling rats of the Sprague-Dawley strain, weighing approximately 50 grams each, were placed on a vitamin-enriched, synthetic diet known to insure rapid growth and good nutrition. In 20 days, when they had attained a weight of approximately 150 grams, they were transferred to individual cages and started on the experimental regime to be described. The cages were arranged in rows of 12 on a 5-shelf rack in a constant-temperature, air-conditioned room kept at 25°C., and a humidity of 50-55 per cent. Each of the 12 animals in group A on the top shelf had its own 4 control animals belonging to groups B, C, D, and E respectively beneath it. All diet calculations were made on the basis of the food and alcohol intake of the group A animal in each such group of 5. The animals were weighed weekly to the nearest gram.
Feeding technique. The design of the present experiment and, for purposes of comparison, the design of those carried out by Ashworth' and Best,' are schematically represented in Figure 1 .
Group A received the basal diet and alcohol ad libitum. Group B was pair-fed the basal diet with group A, but received no alcohol, so that the two groups were not isocaloric.
Group C was pair-fed the basal diet with group A, and was given an isocaloric equivalent of glucose instead of alcohol, so that both groups were isocaloric.
Group D was pair-fed the basal diet and was given the same amount of alcohol as in group A, but the total caloric intake was not permitted to rise above that of the non-alcohol controls in group B; this was accomplished by subtracting glucose calories from the basal diet isocaloric with the amount of alcohol consumed.
Group E received the basal diet ad libitum, without alcohol. The basal diet was designed to promote normal growth and to maintain a normal fat concentration in the livers of the control animals in group E. Groups A and C were kept isocaloric to determine whether isocaloric equivalents of alcohol and glucose would produce equal fatty infiltration under these conditions. Group D was given an amount of alcohol equal to that consumed by group A, but was kept isocaloric with group B, to test the hypothesis of Best et al.,' that alcohol creates a relative choline deficiency by increasing the caloric intake. If such were the case, group D rats receiving alcohol would show no more liver fat than group B receiving no alcohol.
The diet for group A was weighed out in tared feeding cups at three-day intervals. At the end of each period the cups were reweighed and the diet consumed calculated by difference. The amount of food for groups B, C, and D was then calculated from this amount as outlined below. As a rule, the rats in group B, C, and D ate all the food that was offered, but if they did not, the residue was mixed with the new diet. Occasionally during a temporary illness when the food intake fell off markedly, the residue was discarded because it continued to increase cumulatively beyond the animal's feeding capacity. Such divergences from the plan of the experiment are included in the calculated data of Alpha-tocopherol acetate, 10 mg.
Pantothenic acid, 10 mg.
Vitamin K, 500 gamma. Biotin, 100 gamma.
Vitamin D2, 10 gamma. Vitamin A, 3000 i.u. In group C the calculated glucose supplement, isocaloric with the alcohol intake of its pair-fed mate in group A, was mixed with its three-day food allotment.
In group D the rats received an amount of alcohol equivalent to that taken by group A for the preceding three-day period, but an isocaloric quantity of carbohydrate was subtracted from the basal diet to keep the total caloric intake down to that of group B. For the sake of convenience and ease of calculation, a carbohydrate-free diet was prepared which had a composition identical with that of the basal diet except for the absence of glucose:
Per (Fig. 2) , and except for transient illnesses and one death (rat 2D), the rats remained in excellent health.
Group E receiving the basal diet ad libitum gained weight more rapidly than group A on the same diet supplemented with 15 per cent alcoholic drinking water (Fig. 2) . This difference was due to a reduction in food consumption related to the ingestion of alcohol and a lower total caloric intake, including that contributed by alcohol ( Table 1) .
The intake of food and alcohol was reasonably constant in group A for a period of three months, when unaccountably on about the 100th day there was a precipitous fall in the consumption of alcohol, and shortly thereafter, of food (Fig. 3) , accompanied by a somewhat less striking decline in weight (Fig. 2) . Best kl.
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r.. between the 80th and 90th days which they attributed to a period of hot weather, during which there was a failure of their air-conditioning equipment. In the present instance, however, the decrease in food and alcohol consumption occurred at the end of April and did not appear to be related to environmental factors, especially since no similar change in dietary intake or weight occurred in group E maintained under the same conditions save for the absence of alcohol in its drinking water (Figs. 2 and 3) . Six of the 12 rats in group A exhibiting the greatest decreases in food and alcohol consumption were sacrificed along with their corresponding pair-fed mates in groups B, C, D, and E on the 117th day. This was done to avoid complicating the effects of alcohol on the liver by those of malnutrition. The remaining rats rapidly resumed their former eating habits and 
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Mean of group E significantly greater than that of all other groups (smallest difference between means in groups C and E; t = 2.43, p < .05).
No significant difference between means in groups A and C (t = 0.1, p > 0.9).
Mean of group B significantly greater than that of group D (t = 4.02, p < .01).
their former rate of growth, but their alcohol consumption was erratic (Figs. 2 and 3) . Nevertheless, the mean daily consumption of food and alcohol in the animals sacrificed on the 117th and 180th days respectively did not differ significantly ( Table 1) .
The relative nutritive value for growth of isocaloric equivalents of alcohol and glucose was studied by comparing the maximum gain in weight attained by the 100th day in groups A and C and in groups B and D (Table 2) . Group A rats fed the basal diet ad libitum plus a supplement of alcohol grew as well as group C rats pair-fed the same diet plus an isocaloric supplement of glucose, suggesting that under these conditions alcohol was as well utilized as glucose in promoting growth. However, group B, fed the basal diet alone, gained more weight than group D which received the same number of calories but with an isocaloric substitution of alcohol for part of its glucose ration. Under these conditions alcohol appeared to be less effectively utilized in promoting growth, as suggested by Mitchell.' It is difficult to interpret this apparent discrepancy in the relative growth-promoting effectiveness of alcohol and glucose under these two conditions. However, Mitchell' pointed out that the energy of alcohol was less available for growth than that of sugar under the special conditions of his experiment, but that there were many factors, such as the degree of motor activity, the environmental temperature and changes in food absorption, which might obscure this difference under other conditions. In the present experiments these factors were not studied, so that no conclusions regarding the utilization of alcohol cal- ories are warranted. However, it may be stated that, under some conditions at least, alcohol is as well utilized as sugar, and that in any event the full energy of alcohol is exerted even if only in heat production, so that the method of substituting glucose for alcohol in the present experiment, on the basis of a 4 to 7 caloric ratio, was justified. The rate of growth in groups A, B, C, and E was considerably greater than that in comparable groups studied by Best et al.' for a similar period of time. On the average, the former gained from 41 to 91 per cent more weight than the latter (Table 3 ). This could not be attributed to a difference in the intake of food or of calories, since the latter did not vary by more than 13 per cent in the two groups, nor could it be related to differences in alcohol consumption since the same differential in weight gain was noted in the groups receiving no alcohol. The most significant differences between the groups were in the carbohydrate to fat ratios and in the protein content of their respective diets. It is highly probable that the slower rate of growth in the Best experiment was due to the somewhat lower protein content of the diet (18.3 as compared to 22 per cent), and the inclusion of a high proportion (44 per cent) of poor quality protein in the form of gelatin and zein. It is difficult to compare either of these experiments with those of Ashworth,1 since the actual food intakes of his animals were not included in his paper. However, it is noteworthy that on a 25 per cent casein diet plus alcohol, his animals lost 10 per cent of their initial body weight in 50 days,* while group A in the present experiment gained 113 per cent during a similar period. Likewise, there was a loss of 25 per cent in body weight in 60 days* in animals pair-fed the same diet without alcohol, while comparable animals in group B in the present experiment gained 111 per cent. These marked differences were probably more closely related to poor food consumption incidental to alcoholic intoxication than to any deficiency in the diet used by Ashworth, although the vitamin supplement was inadequate in many respects.
The calculated alcohol consumption in the Toronto experiments' was 25 per cent greater than that of groups A and D (Table 3) . However, the accuracy of the measurements in the former experiment may be questioned in view of the type of alcohol feeder employed. These investigators used an inverted bottle and a curved glass delivery tube with a constricted tip. In this laboratory there were considerable and unpredictable losses due to leakage with this type of apparatus. Evidently the Toronto workers encountered similar difficulties, since they were obliged to discount unusually large intakes as probably indicating undetected leakage. It is noteworthy that of the 12 rats in group A fed the same type of 15 per cent alcoholic drinking water ad libitum, but by means of a Richter water fountains which permits accurate measurements of fluid intake, only 5 had an occasional daily intake exceeding 18 ml., while the Toronto investigators reported a mean intake of 18 ml. for their entire group.
Liver lipids ( Table 4 ). The mean total lipid concentration in the livers of group E fed the basal diet ad libitum was 5.3±1.3 per cent of the wet weight, and in only one instance did it exceed 7.0 per cent. The mean concentrations in all the other groups studied were also within normal limits, but the range and distribution of values in both alcohol-fed groups differed significantly from those in non-alcoholic groups B, C, and E. Thus, all 3 concentrations above 10 per cent and 7 of the 11 concentrations between 7 * Estimated from growth curves in Ashworth's paper." and 10 per cent occurred in groups A and D fed alcohol, while 32 of the 45 values below 7.0 per cent occurred in groups B, C, and E. Moreover, the mean concentration of lipid in group D was significantly greater than in nonalcoholic, isocalorically-fed group B, and ad libitum-fed group E. While the mean fat content of the liver in the alcohol-fed rats of group A also exceeded those of non-alcoholic pair-fed, isocalorically-fed and ad libitum-fed animals in groups B, C, and E, respectively, the differences were not statistically significant. However, when the results of the lipid analyses in the groups sacrificed at 117 days were considered separately, it was found that the mean fat content of the livers in both alcohol-fed groups were significant- water intakes were most seriously impaired by alcohol, and who were, therefore, killed at 117 days, also had livers which were most susceptible to the effects of alcohol.
Histological findings. The livers in all five groups studied appeared normal on gross inspection, and hematoxylin and eosin and Masson stained sections examined microscopically revealed normal parenchymal cells without any alterations in lobular architecture, cellular infiltration, or connective tissue proliferation. An occasional large fat droplet was seen in some of these sections, and with about equal frequency in all five groups. Sections stained for fat with Sudan IV and with osmic acid showed somewhat more fat, usually in the form of small, centrally located droplets, graded + to 1+ in degree. These occurred to some extent in all sections examined. Three sections each in groups A and D, and one each in groups B, C, and E showed 2+ fatty infiltration with small and occasional large fat droplets confined to the central zones of the lobules. Although the three livers with a fat content exceeding 10 per cent all showed 2+ fatty infiltration, there was a poor correlation between the histological findings and the results of the chemical analyses in the others.
Discussion
The results of these experiments differed from those of Ashworth' and Best et al.., in that the ingestion of alcohol did not lead to significant histologically demonstrable fatty infiltration or cirrhosis of the liver. However, on chemical analysis the fat content of the liver was higher in alcohol-fed rats than in pair-fed or isocalorically-fed controls, suggesting that alcohol had an effect on the liver even under conditions of an adequate dietary intake.
With respect to the failure of the alcohol-fed rats in group A to develop significant histologically demonstrable fatty infiltration of the liver, the question may be raised whether the diet used contained such an excess of methionine that the effects of alcohol were obscured. In the Toronto experiments' the basal diet was designed to avoid this complication, by reducing the choline and methionine content to the point where the livers of ad libitun-fed controls contained 10 per cent fat, a relatively high value when compared with the 5.3 per cent level of the controls in this experiment (group E). The estimated daily methionine intake in group A was 70 mg., in contrast to 48 mg. in similarly fed rats in the Toronto experiment (Table  3) . However, in the latter case the methionine was supplemented with 5.7 mg. of choline, and the difference between the intakes was even less significant when they were calculated on the basis of rat weight. Thus, the Toronto animals received 17.3 mg. of methionine and 2.1 mg. of choline, while those in New Haven received 20.3 mg. of methionine alone per 100 gm. of rat daily. Moreover, it took a supplement of 57 mg., or a total intake of 105 mg. of methionine plus 5.7 mg. of choline daily, to keep the total liver lipids down to 7.0 per cent in the Toronto rats fed the basal diet and alcohol. This is an amount considerably in excess of the 70 mg. of methionine it took to keep the level down to 6.1 per cent in comparable animals in the present experiment (group A). In addition, the choline requirement in the present experiment was probably greater than that in the Toronto experiment, since the fat content of the diet was more than twice as large. It seems unlikely, therefore, that the failure of alcohol to produce histologically demonstrable fatty infiltration in group A was the result of any great excess of methionine. The possibility that it was the result of a smaller alcohol intake cannot be excluded, but is unlikely, as already indicated, in view of the method of alcohol administration employed by the Toronto investigators. Rather, the results suggest that in the Toronto experiments gross fatty infiltration was the result of a partial protein deficiency aggravated by the effects of alcohol.
The conclusion that alcohol induces a relative choline deficiency by increasing the caloric intake, based on the observation that isocaloric supplements of alcohol and sucrose produce similar increases in liver fat and even cirrhosis, and that these effects can be prevented by supplements of choline or methionine,4 is not supported by the results of the present experiment. In the Toronto experiments sucrose produced even more impressive fatty infiltration and cirrhosis than isocaloric alcohol supplements in pair-fed rats. The fact that these changes could be prevented by lipotropic substances in both instances does not necessarily imply that the effects of alcohol and sucrose were identical. These results do indeed suggest that the addition of sucrose calories increased the choline requirement and thus aggravated the effects of a partially deficient diet. However, the fact that alcohol increased the fat content of the liver in the present experiments, even when the total caloric intake was not permitted to rise above that of pair-fed controls, is strong evidence against the hypothesis that alcohol, like carbohydrate, increases the demand for choline by raising the caloric intake. Rather these experiments suggest that alcohol may increase the choline requirement in some other way, possibly by blocking its action in the liver, by altering its absorption from the intestinal tract, or by altering its rate of endogenous synthesis. Further experiments are needed to test these possibilities.
Summary and conclusions 1. The administration of 15 per cent alcohol as the sole source of drinking water to rats for a period of six months did not produce histological evidence of significant fatty infiltration or cirrhosis of the liver when the diet contained protein, calories, and vitamins sufficient to prevent fatty infiltration in ad libituin-fed controls. However, on chemical analysis the fat content of the liver in these rats, while still within the normal range, was greater than in ad libitult-fed, pair-fed, or isocalorically-fed controls receiving no alcohol.
2. These results are consistent with the hypothesis that under some conditions alcohol may lead to fatty infiltration of the liver by increasing the choline requirement, but they do not support the view that this increase is attributable to augmentation of the caloric intake.
